This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long as you credit the authors, but you can't change the article in any way or use it commercially. More information and the full terms of the licence here: https://creativecommons.org/licenses/ Takedown If you consider content in White Rose Research Online to be in breach of UK law, please notify us by emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. The role of the humidity content on the performance of catalytic reverse flow reactors (RFR) for the 8 abatement of methane emissions from coal mines is studied in this manuscript. It has been 9 demonstrated that this technique is very useful for the abatement, and even upgrading, of these 10 emissions. However, the effect of humidity on the reactor performance has not been addresses yet, 11 in spite of being well known that water is an inhibitor in catalytic combustion. 12
Introduction

25
In the last decades, environmental problems related to global warming have gained importance. Coal 26 mining is an activity with great influence on greenhouse emission, because of the huge amount of 27 methane emitted to the atmosphere during coal extraction through the ventilation system 28 (concentration 1000 to 10 000 ppm). Ventilation air methane represents the main contribution 29 (approximately 78%) to the carbon footprint of coal mining [1] . 30
In the atmosphere, methane is accumulated and slowly oxidized with average lifetime of around 12 31 years. Nevertheless, the effect of methane as greenhouse gas is 21 times higher than the one of 32 carbon dioxide. For this reason, the combustion of methane to carbon dioxide before release has a 33 great interest to reduce the net warming potential [2, 4] . 34
One suitable option for the treatment of ventilation air methane in coal mining is regenerative 35 oxidation, and in particular regenerative catalytic oxidation (RCO) in a reverse flow reactor [5, 6] . 36
Catalytic oxidation is an interesting alternative to thermal oxidation, since the use of a catalyst 37 significantly decreases the ignition temperature and, as a consequence, the size and thermal 38 requirements of the combustion device. Moreover, the formation of NOx is negligible [7, 8] . 39
Reverse flow reactors (RFR) consist of a catalytic fixed bed reactor in which the feed flow direction is 40 periodically reversed. RFRs present great potential advantages for the combustion of hydrocarbon 41 emissions. By selecting the appropriate switching time (tsw, defined as the time elapsed between two 42 consecutive flow reversals), most of the combustion heat is stored inside the reactor in consecutive 43 cycles, so that autothermal operation is possible even for very slightly exothermic reactions. Hence, 44
RFRs allow the efficient treatment of very lean emissions of volatile organic compounds (VOC) (e.g. 45 originated from the use of organic solvents) or methane (e.g. coal mine vents) in air [9] [10] [11] . 46 RFR advantages are a consequence of its forced unsteady state operation. However, this can also be 47 a drawback to maintain ignited operation in the presence of disturbances in the feed flow rate or 48 concentration. For example, if the feed becomes too lean, there is a risk of extinction, because the 49 amount of heat released by the reaction is very low; in these situations, the RFR regeneration3 capacity is crucial to maintain autothermal operation. Under rich feed conditions, the heat released 51 and accumulated in the reactor can overheat the catalyst bed, leading to catalyst thermal 52 deactivation. Such issues have limited the industrial use of this type of reactors, and encouraged 53 research in the development of suitable control systems [12] [13] [14] [15] . 54
The catalyst performance is affected by the presence of side compounds (different of methane) in 55 the ventilation air. Among these compounds, water stands out because it is commonly present at 56 high concentration in these emissions (near to saturation at ambient temperature). It is well-known 57 that water has a negative effect on the activity of supported precious metal catalysts. The oxidation 58 of methane on palladium-supported catalysts has been studied by different authors, with a general 59 agreement on the existence of a reversible inhibitory effect [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Models based on Mars-van 60
Krevelen or Langmuir-Hinshelwood kinetics have been found to agree with the observations [17] . 61
The combustion of methane in reverse flow reactors has been studied experimentally, and also by 62 means of simulations. Previous studies have been centred in the influence of operating conditions 63 [19, 20] [14, 24] . Although water is present in high concentration in coal mine ventilation air (20000-65 50000 ppm) and the performance and stability of reverse flow reactors can be highly affected by the 66 decrease of the catalyst activity caused by water, to the best of our knowledge, this aspect has not 67 been studied. The main objective of this work is to fill this gap and assess the influence of water in 68 the oxidation of methane in catalytic reverse flow reactors. 69
For accomplishing this purpose, the effect of water on the reaction kinetic is firstly studied, and an 70 appropriate kinetic model is proposed. Then, the influence of water on the performance of reverse 71 flow reactors is analysed in a bench-scale device. The required feed methane/air mixture was prepared by mixing an air-methane mixture of 25 000 96 ppm methane, from a cylinder, and purified air from a compressor (Ingersoll-Rand), using two mass 97 flow regulators. Inlet and outlet streams were analysed in an Agilent gas chromatograph (GC). 98
Water was introduced in the air stream with the help of a bubbler. The concentration of water was 99 regulated using a temperature control system formed by a heating blanket and a temperature 100
controller. The water content is analysed using a hydrometer (VATSAIA HMI 32). The following protocol has been followed for each test. First, the reactor was fed with hot air, in 116 order to pre-heat the beds above the ignition temperature of the air-methane mixture ( = 117 400ºC). Then, the methane/air mixture was fed to the reactor (0.15 m/s n.t.p.) at room temperature 118 heterogeneous dynamic model has been selected (see equations in Table 1 ). The meaning of the 124 symbols is indicated in the list of symbols. The physical and transport properties appearing in the 125 equations of Table 1 must be specified or calculated by means of appropriate correlations, as 126 indicated in a previous work [22] . Danckwerts boundary conditions (see Table 2 ) have been used to 127 solve the model in MATLAB using the method of lines (ode15s) [20, 22] . The switch of the feed 128 direction is modelled by shifting the boundary conditions at both sides of the reactor. where is the total molar flow rate, is the total gas pressure and is methane conversion. 159 show that, as expected, average temperature in the reactor centre are substantially higher for low 198 switching time (100 s) than for high switching time (600 s). As a result, at switching time 600 s stable 199 reactor operation is only achieved for methane feed concentration above 5400 ppm, while at 100 s 200 the reactor is stable for methane concentrations as low as 3600 ppm. 201
When the reactor is operated in the presence of water, the temperature plateau decreases; for 202 comparison purposes, the other operating variables are held constant. This can be explained by the 203 inhibition of the catalytic activity towards methane oxidation produced by water, which decreases 204 methane conversion, and hence, the heat released and stored in the reactor. As expected, this effect 205 is more marked at high water gas concentrations, because the catalyst inhibition is stronger. 206
The influence of methane and water gas feed concentrations are analysed in Figure 4 Bed temperature profiles are also very useful to determine the validity of the model. In Figure 6 , 245 profiles at different stages of a cycle (at beginning, the middle and the end) are compared for 246 experiments and simulations. In general, the model is able of predicting the reactor behaviour. As 247 indicated before, the major discrepancies are found in the bed centre. 248
In conclusion, the 1D heterogeneous mathematical model with catalyst inhibition proposed in this 249 work can be considered as validated with the experiments carried out in a bench-scale reverse flow 250 reactor operating at near-adiabatic conditions. The simple Langmuir-Hinshelwood kinetic model, 251 
